Editor's key points † Dexmedetomidine is widely used for sedation in the intensive care unit. † There are few data on factors affecting its pharmacokinetics in this setting. † Dexmedetomidine pharmacokinetics was affected by low cardiac output, increasing age, and low plasma albumin. † Elimination half-life and context-sensitive half-time are prolonged in the elderly and by hypoalbuminaemia.
Patients treated in intensive care units (ICUs) often require sedation and analgesia to tolerate the tracheal tube, artificial ventilation, and other procedures. However, sedation regimens may have adverse effects on recovery. 1 An ideal sedative agent should have minimal cardiovascular and respiratory side-effects, rapid onset and offset of action, no accumulation in renal or hepatic dysfunction, no active metabolites, and no adverse interactions with other drugs used in intensive care.
No currently available drug completely fulfils the properties of an ideal sedative for intensive care. Dexmedetomidine is a highly selective, potent a 2 -adrenoceptor agonist registered for sedation of initially intubated patients in ICUs and sedation of non-intubated patients before and/or during surgical and other procedures. In addition to providing sedation and anxiolysis, a 2 -agonists have analgesic qualities and reduce stress responses to surgery and intensive care procedures. 2 Although the pharmacokinetics of dexmedetomidine have been investigated also in the ICU setting, 3 there is no information on its pharmacokinetics after longlasting (.48 h) infusions and only little information on factors affecting its pharmacokinetics in critically ill patients. Inclusion of covariates can help individualize dosing and might be particularly useful for model-based administration like target-controlled infusion. 4 The aim of this explorative study was to investigate the pharmacokinetics of dexmedetomidine during long-term sedation in ICU patients with special regard to covariate effects using a population pharmacokinetic approach, with the hypothesis that inclusion of covariates would significantly improve the accuracy of the pharmacokinetic model.
Methods

Subjects
This study (EudraCT number 2007-002932-27/ClinicalTrials.-gov identifier NCT00714857) was conducted in the ICU of Turku University Hospital (Finland). It was approved by the Ethics Committee of the Hospital District of Southwest Finland and by the Finnish Medicines Agency. It was conducted according to the revised Declaration of Helsinki of the World Medical Association and ICH GCP guidelines for good clinical trial practice.
Study design
All patients older than 18 yr and needing light to moderate sedation for at least 48 h were eligible for the study. Written informed consent was obtained from legal representatives of potential study subjects. Patients with a history of intolerance to dexmedetomidine or related compounds and additives or with significant haematological, endocrine, metabolic, or gastrointestinal disease were excluded.
Study treatment
Subjects received a loading dose of 3-6 mg kg 21 h 21 dexmedetomidine (dexmedetomidine 100 mg ml 21 , Precedex w Abbott Laboratories, North Chicago, IL, USA) in 10 min followed by continuous infusion of 0.1-2.5 mg kg 21 h 21 for as long as the responsible physician deemed necessary. The dosage was selected on the basis of clinical need and was adjusted as considered necessary to maintain optimal sedation. As concomitant treatment, subjects received standard care of the unit, which included administration of oxycodone, fentanyl, or remifentanil for pain relief and propofol, midazolam, lorazepam, or haloperidol for control of the level of consciousness. Heart rate and systolic and diastolic arterial pressure were continuously monitored. Cardiac output (CO) was determined intermittently using the thermodilution method shortly before and 0.5, 1, and 2 h after the start of the dexmedetomidine infusion, and then at least three times daily simultaneously with blood sampling, for as long as the subject had a pulmonary artery catheter.
Blood sampling and drug analysis
Arterial blood samples (2 ml) were collected into EDTA tubes immediately before the loading dose and 5, 7.5, 10, 15, 20, 30, 45, 60, 90, and 120 min after commencement of the dexmedetomidine infusion. Thereafter, samples were collected three times daily at 6-10 h intervals. Samples were kept at +48C until centrifugation, and plasma was frozen at 2308C
immediately after separation. The samples were later stored at 2708C until analysis. Blood sampling for other laboratory parameters was performed as part of the routine care, usually in the mornings. The reference compound in the drug concentration analysis was dexmedetomidine HCl and the internal standard was deuterated medetomidine ( 2 H 6 -medetomidine HCl), both provided by Orion Pharma (Espoo, Finland). Sample preparation was performed using solid-phase extraction. Plasma aliquots of 0.10 ml were mixed with 0.85 ml of 0.1% formic acid in water and 50 ml of internal standard solution and extracted with Sep-Pak w Vac 1cc (100 mg) tC18 cartridges (Waters Corporation, Milford, MA, USA). After loading, the cartridges were washed with 1.5 ml of 20% methanol in water and dried with air for about 10 s. Elution was with 1.0 ml of a 1:1 mixture of methanol and acetonitrile. Extracts were evaporated to dryness with a gentle stream of nitrogen and the dry residue was dissolved in 0.10 ml of a solution containing 0.1% formic acid and water, methanol, and acetonitrile in equal proportions.
Isocratic HPLC separation was performed with a Phenomenex Gemini C 18 150×2.0 mm (5 mm) column (Torrance, CA, USA) and a mobile phase consisting of methanol and 0.1% formic acid in water (140:80; flow rate 220 ml min 21 ) at 288C. Mass spectrometric detection was carried out with an Applied Biosystems API 4000 triple-quadrupole instrument (AB SCIEX, Foster City, CA, USA), using positive ion spray ionization and multiple reaction monitoring. The needle potential was set to 5.3 kV, the temperature of the heated purified air was 5008C, and the flow was set to 40. The declustering potential was set to 62 V and entrance potential to 10 V. The collision energy was set to 30 V. Nebulizer gas (purified air) was set to 40, curtain gas (nitrogen) was set to 35, and collision gas (nitrogen) was set to 4.0. The precursor ion-fragment ion pairs detected were m/z 201.1-95.0 for dexmedetomidine and m/z 206.2 -95.1 for the internal standard. Quantitation was based on peak area ratios of the analyte and the internal standard. Data collection and analysis were done with Applied Biosystems Analyst 1.4.1 software.
The assay was validated in the context of a previous study. 5 It was linear over a concentration range from 0.020 to 10.0 ng ml 21 . Within-run precision was assessed using six determinations per dexmedetomidine concentration at four concentrations (0.020, 0.060, 0.90, and 8.0 ng ml 21 )
and was found to be acceptable (the coefficient of variation was 9.5% at 0.020 ng ml 21 and 1-3% at other concentrations). The between-batch precision was also evaluated at the same concentrations and was found to be excellent (the coefficient of variation was 4% at 0.020 ng ml 21 and 1-4% at the other concentrations).
Pharmacokinetic analysis
The time courses of the dexmedetomidine concentrations were analysed using a linear mammilary model with two or three compartments, using non-linear mixed-effect Dexmedetomidine pharmacokinetics in ICU patients modelling (NONMEM 7.1.2, ICON Development Solutions, Ellicott City, MD, USA). 6 Pharmacokinetic models were parameterized using elimination and inter-compartmental (distributional) clearances and volumes of distribution. The inter-individual variability of the pharmacokinetic parameters was modelled by exponential random effects:
, where u i is the parameter value in the ith subject, u POP is the population value of this parameter, and h is a random variable with a mean of zero and a variance of v i 2 . The residual intra-individual variance was modelled using a combined proportional and additive error model: 
Statistical analysis
Goodness of fit was judged by residual plots, by the objective function value (OFV) which is minimized in the fitting procedure, and by the median prediction error, MDPE¼median{PE ij }, and the median absolute prediction error, MDAPE¼ median{|PE ij |}, where PE ij is the prediction error PE ij = (c mij − c pij )/c pij . Statistical comparison of the two models was performed using the difference in the OFV (DOFV). In order to consider multiple testing, we used a more conservative significance level of P,0.01 which corresponds to DOFV.6.6 for one degree of freedom.
Covariate analysis
We evaluated the effects of subject age, sex, body mass, height, BMI, and lean body mass on dexmedetomidine pharmacokinetics. We further investigated the effects of CO, plasma bilirubin and albumin concentrations, Pa O 2 /FI O 2 , and renal replacement therapy. Renal function was assessed by estimating the glomerular filtration rate (GFR) from creatinine concentrations, using the formula
First, the model was estimated without covariates. The individual Bayesian estimates of the model parameters were plotted against the covariates and assessed for a covariate influence using linear regression. Covariates with an effect on a model parameter were then included step by step in the model, using a linear relationship which was centred around the median value of the covariate:
whereû is the value of the parameter u in the 'average' subject with a covariate value equal to the median value COV median of the studied individuals. COV i denotes the individual value of the covariate and u cov is the covariate parameter that quantifies the magnitude of the covariate effect. For those covariates with multiple measurements within a subject (albumin concentration, GFR, Pa O 2 /FI O 2 , CO, etc.), each measurement was used in the modelling assuming a stepwise change, that is, that the value remained constant between two measurements. A covariate effect was assumed to be significant if the OFV was significantly improved and if the 95% confidence interval (CI) of u cov did not include zero. After the full model with all covariate effects was developed, each covariate effect was tested again for significance by fixing the corresponding parameter u cov ¼0.
Model validation and simulations
For model validation and in order to obtain non-parametric 95% CIs of the model parameters, we performed a bootstrap analysis with 1000 replicates (by subject with replacement).
To illustrate the covariate effects, we estimated the time for a 50% concentration decrement after the termination of the continuous drug infusion (context-sensitive half-time) 8 for fictive subjects having different covariate values, based on the 25%, 50%, and 75% quartiles of the covariate distributions within the study population. In order to compare our results with those of previous studies, we further estimated the context-sensitive half-time for a typical subject of this study population (age: 60 yr, albumin concentration: 14 g litre 21 , height: 174 cm) using pharmacokinetic models of dexmedetomidine reported in the literature. 
Results
Twenty-one ICU patients were included in the study and 534 blood samples were drawn for determination of dexmedetomidine concentrations (Fig. 1) . The median duration of dexmedetomidine infusions was 96 h (range, 20-571 h). The subject characteristics and sedation data are summarized in Table 1 . A two-compartment model was adequate to describe the pharmacokinetics of dexmedetomidine. A threecompartment model yielded only a slightly better fit (DOFV¼12.3, P¼0.015) with large standard errors and large inter-individual variances.
Covariate effects
The covariates of body weight, height, BMI, lean body mass, and sex had no significant effects on dexmedetomidine pharmacokinetics. Only eight subjects had enough data for the assessment of the effect of CO on the model. As dexmedetomidine itself reduces CO, 12 we used the following approach: the normalized measured cardiac output RCO¼CO/ CO baseline was plotted against the corresponding measured dexmedetomidine concentration (Fig. 2) , and a sigmoid function was fitted to the data by population analysis:
For those subjects without CO measurements, estimates of RCO were calculated for each measured dexmedetomidine concentration using this formula. Dexmedetomidine clearance significantly decreased with decreasing RCO, and a nonlinear relationship described best the CO effect on clearance:
(DOFV = 142.9, P , 0.0001) Dexmedetomidine clearance decreased with age (Fig. 3A , DOFV¼6.9, P¼0.009), whereas the other parameters did not show significant age effects. Dexmedetomidine clearance also decreased slightly with decreasing GFR. Age and GFR are, however, strongly intercorrelated as the formula Dexmedetomidine pharmacokinetics in ICU patients used to estimate GFR includes age. We therefore decided to use only age but not GFR as a covariate for clearance.
The distribution volume at steady state, V SS , showed a significant increase with decreasing albumin concentrations (Fig. 3B, DOFV¼9 .7, P¼0.002), whereas the other parameters did not show significant albumin effects. V ss also increased with decreasing Pa O 2 /FI O 2 , but as the albumin concentration and Pa O 2 /FI O 2 were positively associated in our subjects (r¼0.70), we decided to use only the albumin concentration as a covariate for V ss .
Plasma bilirubin concentrations had no significant influence on dexmedetomidine pharmacokinetics. Three subjects received renal replacement therapy with haemodialysis or haemodiafiltration, but this had no significant effect on the pharmacokinetics of dexmedetomidine.
Thus, the final pharmacokinetic model was as follows:
with the albumin concentration measured in g litre 21 . The parameter estimates for this final model are summarized in Table 2 , and Figure 4 shows the plot of the measured concentrations vs the individual and population predictions. For the average subjects of this study, the half-lives of dexmedetomidine (95% CI) were t 1/2 a¼2.0 (1. 
Simulations
To illustrate the covariate effects, we simulated the pharmacokinetic parameters and the context-sensitive half-time for fictive subjects of different ages and having different albumin concentrations. Table 3 and Figure 5 show that the elimination half-life and the context-sensitive half-life of dexmedetomidine were increased in elderly patients and also in patients with a low albumin concentration. Simulations of the context-sensitive half-times for a typical subject calculated with the final pharmacokinetic model of this study and with pharmacokinetic models from the literature yielded similar results for the different models, with the exception of the model by Dyck and colleagues 9 which predicted a much longer context-sensitive half-time (Fig. 6 ).
Haemodynamics
During the first 24 h of dexmedetomidine infusion, the average heart rate decreased, whereas the averages of systolic and diastolic arterial pressure remained constant throughout the study (Fig. 7) . The maximum decreases/ increases in heart rate in an individual subject [mean (SD)] were 32 (16)% and 37 (43)%, respectively. The maximum decreases/increases in systolic arterial pressure in an individual subject were 29 (11)% and 41 (21)%, respectively. The maximum decreases/increases in diastolic arterial pressure in an individual subject were 28 (11)% and 39 (19)%, respectively. 
Discussion
We investigated the pharmacokinetics of dexmedetomidine during long-term sedation in adult intensive care patients with a focus on the effects of covariates. Dexmedetomidine concentrations could be adequately described by a twocompartment model with significant covariate effects mainly influencing the elimination clearance and the volume of distribution at steady state. That a threecompartment model was not superior to the twocompartment model might largely have been caused by the limitation that, due to practical reasons, the last blood sample was drawn only a few hours after or in some cases even shortly before discontinuing the dexmedetomidine infusion. Interestingly, in another study conducted in intensive care patients, dexmedetomidine pharmacokinetics could also be adequately described by a two-compartment model, even if the last sample was taken 24 h after the end of the infusion. 3 In that study, the authors reported an 10 The estimate of 12.3 litre in the present study is within this range, and one has to consider that the estimate of V 1 depends on the sampling site (arterial or venous), on the time of the first samples, and on the administration scheme (bolus or infusion). The context-sensitive half-times predicted by the models from different studies were quite similar (Fig. 6) , with the exception of the study by Dyck and colleagues. 9 The much longer context-sensitive half-time obtained with this model was mainly caused by the very small value of 27.0 litre h 21 for the elimination clearance. However, experimental design strongly affects the pharmacokinetic estimates. In the study by Dyck and colleagues, 9 sampling was performed until 24 h after stopping of infusion with high time resolution, whereas in most other studies, sampling periods have been shorter. Interestingly, the context-sensitive half-time obtained with the pharmacokinetic parameters of Venn and colleagues 3 was similar to our results, although they also sampled for 24 h after stopping infusion, but with lesser time resolution than Dyck and colleagues. 9 Whereas the results for the 'average' subject in the present study are quite similar to those of previous studies, the covariate effects are to some extent novel findings. Only very few covariate effects have been identified in previous studies: no effects of age, sex, body weight, lean body mass, and body surface area have been reported. Whereas Dyck and colleagues 9 found only a small effect of height on dexmedetomidine clearance, the recent study of Lin and colleagues 10 reported a distinct increase in dexmedetomidine clearance with height. The influence of height was described by a power model: CL¼0.47*(height/160 cm) 6 .42 , which means that for a subject of 180 cm, dexmedetomidine clearance would be more than twice the value for a subject of 160 cm. Unfortunately, the authors did not report a standard error or a CI for the very large exponent, so that one cannot judge the reliability of this model. The large height effect may also in part be explained by ethnic differences, as this study was conducted in China. Some studies included too few subjects to detect covariate effects with modest effect sizes. 3 In the study of Dyck and colleagues, 9 the range of the healthy volunteer subjects' characteristics (27 -44 yr, 60-98 kg, n¼16) was rather small. The present study included more subjects (n¼21) with a broader range of covariate values. In our study, there was a positive association of CO with dexmedetomidine clearance, which supports the assumption that hepatic blood flow influences the clearance of dexmedetomidine.
12
Other studies give little information on the effects of laboratory covariates describing organ function (albumin, bilirubin, creatinine) and respiratory function on the pharmacokinetics of dexmedetomidine. De Wolf and colleagues 13 studied the effect of renal impairment in otherwise healthy subjects and found no difference between the control group with an average creatinine clearance of 122 ml min 21 and the diseased group with a mean creatinine clearance of 21 ml min 21 . We observed a slight effect of renal impairment, as assessed by GFR, on dexmedetomidine and (B) different albumin concentration and an equal age of 60 yr (Table 3) . the pharmacokinetic models of this study and of the studies by Lin and colleagues, 10 Dyck and colleagues, 9 Talke and colleagues, 11 and Venn and colleagues. clearance. GFR was, however, not included in the model, as drug clearance decreased with age and GFR was estimated using a formula which includes age. Thus, one cannot clearly distinguish between the age effect and the effect of renal impairment. Decreasing clearance of dexmedetomidine with age has not been reported previously, but at close inspection of the data of Venn and colleagues, 3 dexmedetomidine clearance appears to decrease from 72.3 litre h 21 in the youngest subject of 35 yr to 37.7 litre h 21 in the oldest subject aged 80 yr, with a negative correlation (r¼20.71, P¼0.02) between age and clearance.
The effect of albumin concentration on the volume of distribution of dexmedetomidine could reflect altered protein binding in plasma. Dexmedetomidine is rather highly (94%) bound to plasma proteins, 14 and a decreased albumin concentration would cause a higher proportion of unbound dexmedetomidine in blood, which then results in a larger volume of distribution. Clearance of dexmedetomidine, on the other hand, was not associated with the albumin concentration, which might be explained by dexmedetomidine being a highextraction drug, the clearance of which is mainly determined by liver blood flow but less by protein binding. 12 Interestingly, there was no association between the plasma bilirubin concentration and dexmedetomidine clearance, although dexmedetomidine is mainly metabolized by the liver. The most probable reason for this is that plasma bilirubin is only a weak indicator of liver function. Furthermore, for a high-extraction drug like dexmedetomidine, hepatic clearance is mainly determined by liver blood flow and less by intrinsic liver function. Additionally, our study did not include patients with severely impaired liver function.
The clinical relevance of the covariate effects was studied by simulations. The simulations demonstrated that in elderly patients and in patients with hypoalbuminaemia, the terminal half-life and context-sensitive half-time of dexmedetomidine are prolonged (Table 3 and Fig. 5 ). This could result in prolonged sedation. For long-term drug dosing, the most important parameter is the elimination clearance as the infusion rate at steady state is given by I ss ¼C target ×CL, where C target is the targeted plasma concentration. Table 3 shows that clearance in an 80-yr-old subject was about 25% smaller than in a 60-yr-old. Consequently, the steady-state infusion rate for elderly patients should be reduced to achieve similar dexmedetomidine concentrations. One should be aware of potentially increased pharmacodynamic effects and longer lasting action when prescribing dexmedetomidine to elderly patients or to patients with marked hypoalbuminaemia.
Hypotension and bradycardia have been reported in association with dexmedetomidine infusions. 15 Additionally, transient hypertension has been observed primarily during the loading phase. 16 Previous studies on the haemodynamic effects of dexmedetomidine have reported an average maximum decrease in heart rate of 29% 17 and a maximum decrease in mean arterial pressure of 27%. 16 Similarly, the heart rate of our subjects decreased after starting the dexmedetomidine infusion, but we observed no changes in average arterial pressures. However, one of the aims in intensive care is to keep haemodynamics stable using various methods, and therefore, we do not know whether the stability of arterial pressure is associated with the use of dexmedetomidine or other interventions. Therefore, one should not draw any definitive conclusions on the haemodynamic effects of dexmedetomidine based on the current study. The present study has several limitations. First, the short post-infusion sampling period did not allow the use of a three-compartment model, which might generally be more adequate to characterize the pharmacokinetics of dexmedetomidine. Secondly, the covariates of the subjects were partially inter-correlated, so that one cannot directly say which physiological mechanisms relate to each of the covariate effects. Therefore, the sum of these covariate effects might be regarded as a descriptor of the general condition of the subject, including the effect of age. One should also not extrapolate the covariate effects beyond the ranges of the characteristics of the subjects and the sedation regimens within this study. Thirdly, one has to consider possible drug interactions. In the present study, the large number of concomitantly administered drugs made it impossible to systematically evaluate the possible effects of concomitant medications on the pharmacokinetics or pharmacodynamics of dexmedetomidine. Although the MDPE could be reduced from 25.9% to 23.7% by including covariate effects, the remaining residual bias for the final population model indicates that some unexplained covariate effects might exist. However, we did not want to include covariate effects that were hard to justify on a physiological basis, such as the effect of Pa O 2 /FI O 2 on the steady-state volume of distribution.
In conclusion, even after long-term sedation of several days, the average population pharmacokinetics of dexmedetomidine in ill ICU subjects was similar to that found in studies of much shorter duration. Age and plasma albumin concentrations influenced the pharmacokinetics of dexmedetomidine such that elderly subjects showed decreased drug clearance and subjects with hypoalbuminaemia showed an increased volume of distribution, both of which caused prolongation of elimination half-life. The results of this study should help to generate hypothesis-based studies in order to test the clinical relevance of these findings.
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